Abstract-Autologous saphenous vein bypass grafts (SVG) are frequently compromised by neointimal thickening and subsequent atherosclerosis eventually leading to graft failure. Hyaluronic acid (HA) generated by smooth muscle cells (SMC) is thought to augment the progression of atherosclerosis. The aim of the present study was (1) to investigate HA accumulation in native and explanted arterialized SVG, (2) to identify factors that regulate HA synthase (HAS) expression and HA synthesis, and (3) to study the function of the HAS2 isoform. In native SVG, expression of all 3 HAS isoforms was detected by RT-PCR. Histochemistry revealed that native and arterialized human saphenous vein segments were characterized by marked deposition of HA in association with SMC. Interestingly, in contrast to native SVG, cyclooxygenase (COX)-2 expression by SMC and macrophages was detected only in arterialized SVG. In vitro in human venous SMC HAS isoforms were found to be differentially regulated. HAS2, HAS1, and HA synthesis were strongly induced by vasodilatory prostaglandins via G s -coupled prostaglandin receptors. In addition, thrombin induced HAS2 via activation of PAR1 and interleukin 1␤ was the only factor that induced HAS3. By small interfering RNA against HAS2, it was shown that HAS2 mediated HA synthesis is critically involved in cell cycle progression through G 1 /S phase and SMC proliferation. In conclusion, the present study shows that HA-rich extracellular matrix is maintained after arterialization of vein grafts and might contribute to graft failure because of its proproliferative function in venous SMC. 
A utologous saphenous vein grafts (SVG) are frequently used for bypass grafting in patients with symptomatic occlusive disease of coronary arteries or arteries of the lower extremities. Subsequently, the grafted vein segments are exposed to arterial blood pressure and shear stress, which are thought to initiate intensive remodeling, intimal thickening, in-graft thrombosis, and superimposed atherosclerosis associated with long-term failure rates of approximately 30% to 40%. 1, 2 The pathophysiological mechanisms eventually resulting in graft failure include activation and dedifferentiation of vascular smooth muscle cells (SMC) from a contractile into a secretory phenotype characterized by high migratory and proliferative activity. 3 In addition, the extracellular matrix (ECM) undergoes remodeling in arterialized venous grafts. This remodeling is characterized by high ECM turnover conferred by matrix metalloproteinases 1, -2, and -9 4, 5 and increased deposition of newly synthesized ECM components including collagen and proteoglycans. 6, 7 ECM remodeling is thought to be required for the proliferative and migratory activation of SMC and to support intimal volume expansion. 8 Recently, hyaluronic acid (HA) has been shown to be a major component of thickened neointimal, restenotic, and atherosclerotic lesions in humans and to be associated with proliferating SMC and thrombosis of eroded plaques, 9, 10 suggesting that HA is a critical factor during the pathophysiology of cardiovascular disease. HA is a polysaccharide composed of repeating disaccharide units (D-glucuronic acid ␤-1,3-N-acetylglucosamine-␤1,4) that is synthesized at the plasma membrane by 3 different HA synthases (HAS1 to -3). During synthesis the growing HA-polymer is extruded into the extracellular environment. 11 Studies in mesothelial cells, epithelial cells, and endothelial cells showed that epidermal growth factor, platelet-derived growth factor (PDGF)-BB, and transforming growth factor (TGF)-␤1 all participate in transcriptional regulation of HAS isoforms in both an isoform and cell type-specific manner. [12] [13] [14] However, very little is known about the regulation of HAS isoform expression in vascular SMC. HAS2, which is the main HAS isoform in cultured vascular SMC, 15 is induced by PDGF-BB 15 and vasodilatory prostaglandins. 16 In vitro studies using vascular SMC and fibroblasts showed that HA is critically involved in proliferation and migration 15, 17, 18 and cell spreading. 16 Thus, based on the evidence from various forms of arterial vessel disease and functional studies in cultured SMC, it is likely that HA plays an important role during neointimal thickening and possibly also during failure of venous bypass grafts.
The aims of the present study were (1) to analyze native saphenous vein segments and arterialized SVG with respect to HA-accumulation, SMC proliferation, and macrophage accumulation; (2) to study the transcriptional regulation of the 3 HAS isoforms in human venous SMC; and (3) to investigate the functional significance of HAS2-mediated HA synthesis by small interfering RNA (siRNA) targeting HAS2 in vitro.
Materials and Methods
An expanded Materials and Methods section is available in the online data supplement at http://circres.ahajournals.org.
Cell Culture
Venous SMC were isolated by the explant technique from the media of human saphenous veins. Leftover segments were obtained from patients undergoing coronary bypass surgery according to the guidelines of the local Medical Ethical Board. SMC of passages 4 to 10 were used. Four different venous cell lines were studied. The SMC were grown in DMEM containing 10% FCS, 100 U/mL penicillin, and 100 g/mL streptomycin in a humidified atmosphere with 5% CO 2 at 37°C. Cells were seeded at 10 000 cells/cm 2 , growth arrested by serum withdrawal for 24 hours, and subsequently treated with the compounds to be studied.
Analysis of Human Veins

Native Vein Segments
Leftover fragments of surgical specimens from saphenous veins prepared for bypass grafting (nϭ12; 4 females, 8 males; median age, 64 years [range, 37 to 82 years]) were collected prospectively from the files of the Institute of Vascular surgery (Universitätsklinikum Düsseldorf). The veins were cut transversally, fixed in 10% formalin, and embedded in paraffin. Four-micrometer sections from the paraffin blocks were stained with hematoxylin/eosin and elastic-van Gieson stain. The staining patterns were evaluated by a senior pathologist (M.S.).
Veins Exposed to Arterial Blood Pressure
Six human veins that had been used to bypass arterial stenosis were obtained from the files of the Institute of Pathology (Universitäts-klinikum Düsseldorf). Five veins had been implanted in the lower extremity and 1 in the upper extremity. Explantation had been performed in the year 2004 for various reasons: in 3 cases, the lower extremity had been amputated for ischemic soft tissue necrosis; in 1 case, the venous bypass was selectively resected because of thrombotic occlusion; in 1 case, for obliteration of the Arteria brachialis; and in 1 case, for unknown reasons. Two of the 6 patients were , and HAS3 performed from RNA that was isolated from a native human saphenous vein segment. D, Double staining of HA (brown) and Ki-67 (red) (original magnification: ϫ200); inset shows a proliferating cell at 400-fold magnification. E, Combined staining of HA (brown) and CD68 (red); arrow head indicates a CD68 positive macrophage; original magnification: ϫ200. F, Immunohistochemical staining for COX-2 (red) (original magnification: ϫ200); arrow head indicates the COX-2-positive endothelium.
female, the age ranged between 41 and 79 years (median, 57 years). Veins were processed as described above. Figure 1A shows a representative section of a native saphenous vein derived from a 62-year-old women, which was prepared for bypass surgery. The thickened intima and the tunica media contained muscle actin (M-actin)-positive cells ( Figure 1B ). In the intima, media, and adventitia, abundant accumulation of HA was detected, which colocalized intimately with M-actin-positive cells in the intima and in the media ( Figure 1B ). In addition, mRNA expression of all 3 HAS isoforms was detected by RT-PCR (not shown) and real-time RT-PCR ( Figure 1C ). Double immunohistochemical staining for HA and the Ki-67 antigen, which is only expressed in proliferating cells, 19 revealed only a few proliferating cells in the wall of native veins ( Figure 1D ). Rare CD68-positive macrophages were detected in both the intima and/or the media of human veins ( Figure 1E ). COX-2 expression was not detectable in SMC of native SVG, whereas COX-2 reactivity was detected in endothelial cells as an internal control ( Figure 1F ).
Results
Native Saphenous Veins
Veins Exposed to Arterial Blood Pressure
Conventional histological examination based on hematoxylin/eosin stains and on elastic-van Gieson stain revealed various degrees of intimal thickening resulting in moderate up to subtotal stenosis of the lumen ( Figure 2A ). All specimens showed fibrosis of the media, which was very pronounced in 4 cases. The thickened intimas were characterized by accumulation of SMC, which were intimately associated with HA ( Figure 2B ). SMC showed a very low proliferative activity as indicated by Ki-67 staining ( Figure 2C ). In 2 of the explanted SVG, thrombosis was observed. In the 2 thrombosed SVG and in 1 of the cases without thrombosis, strong expression of COX-2 in intimal and medial SMC was observed ( Figure 2D ). In the cases with thrombosis, marked infiltration of the intima and subintimal media with CD68-positive macrophages was observed ( Figure 2E and 2F), which strongly expressed COX-2 ( Figure 2F ). In contrast, in the cases without thrombosis, low numbers of CD68-positive macrophages were present in both the intima and media.
Differential Regulation of HAS1 and HAS3 Isoforms in Human Venous SMC
The mRNA of HAS1, which is the HAS isoform expressed at the lowest level in cultured human SMC, 15 was induced only by the prostacyclin (PGI 2 ) analog iloprost and prostaglandin E 2 (PGE 2 ) ( Figure 3 ). To identify the responsible prostaglandin receptors, selective receptor agonists were used. Both the specific PGI 2 (IP)-receptor agonist cicaprost 20 and the specific E-type prostaglandin receptor subtype 2 (EP 2 -receptor) agonist butaprost 21 mimicked the effects of iloprost and PGE 2 , suggesting that the G s -coupled IP-and EP 2 receptors are both capable of inducing HAS1 mRNA expression ( Figure 3 ) in venous SMC. In line with the hypothesis that cAMP-dependent signaling of the G s -coupled IP and EP 2 receptors 22 is responsible for HAS1 induction, forskolin, an activator of adenylate cyclase, induced HAS1 as well ( Figure  3C ). PDGF-BB, TGF-␤1, angiotensin-II, thrombin, and interleukin (IL)-1␤ had no effect on HAS1 expression ( Figure  3 ). Angiotensin II (10 Ϫ7 mol/L) was used in the presence and absence of the AT 1 receptor antagonist losartan (10 Ϫ5 mol/L), because blocking of the AT 1 receptor can be used to unmask effects of the AT 2 receptor that could otherwise be missed. However, angiotensin II did not have any effects on HAS isoform expression under the current experimental conditions.
HAS3 expression was analyzed in response to the same factors as mentioned above. Interestingly, HAS3 was markedly induced only by IL-1␤ (Figure 4 ).
Differential Regulation of HAS2 in Cultured Venous SMC
The mRNA of HAS2, which is the main isoform in venous SMC, 15 was induced by 100 nmol/L iloprost and 10 U/mL thrombin, respectively ( Figure 5A and 5B). The HAS2 induction in response to thrombin was concentration dependent starting at 1 U/mL (data not shown) and could be mimicked by the PAR1 activating peptide (AP)-1 (100 mol/L) as shown in Figure 5C . In contrast, the PAR2, -3, and -4 activating peptides had no significant effect on HAS2 expression. Furthermore, HAS2 was strongly induced by PDGF-BB (20 ng/mL), as described previously, 15 and was not changed by TGF-␤1 (10 ng/mL).
The regulation of HAS2 by prostaglandins was investigated in more detail, because prostaglandin-mediated HAS2 mRNA upregulation was strongest among the stimuli investigated and dramatic upregulation of COX-2 was detected in half of the cases of explanted, arterialized venous bypass grafts ( Figure 2 ). The mRNA induction of HAS2 was maximal at 3 and 6 hours after stimulation and occurred in a concentration-dependent manner (data not shown). HAS2 mRNA was also strongly upregulated by a selective EP 2 agonist (butaprost), forskolin, and dibutyryl-cAMP (dbcAMP), suggesting that G s -coupled IP and EP 2 receptors were involved ( Figure 6A ). Consequently stimulation of venous SMC with iloprost, cicaprost, and PGE 2 resulted in increased secretion and accumulation of HA in the conditioned cell culture medium ( Figure 6B ). Furthermore, prostaglandininduced HA secretion was mimicked by forskolin and db- Because the present data revealed that prostaglandins induce both HAS1 and HAS2 mRNA, siRNA targeting HAS2 was used to roughly estimate the relative contribution of HAS1 and HAS2 to prostaglandin-induced HA synthesis. HAS2 siRNA significantly inhibited the iloprost-induced expression of HAS2 mRNA by 47.6Ϯ4.6% (nϭ4, PϽ0.05). Furthermore, HAS2 siRNA inhibited the induction of HA secretion by iloprost by 39.3% (mean of 2 independent experiments), which suggests that HAS2 synthesized the majority of HA in response to iloprost.
Induction of Pericellular HA in Human Venous SMC In Vitro
To investigate whether the factors that were shown above to increase the expression of HAS isoforms were also able to induce cell-associated HA, cultured venous SMC were stimulated with vasodilatory prostaglandins (iloprost [100 nmol/L], PGE 2 [100 nmol/L]), with PDGF-BB (20 ng/mL), thrombin (10 U/mL), and IL-1␤ (10 ng/mL). After 24 hours of serum withdrawal, cells were incubated with streptomyces hyaluronidase to remove any preformed extracellular HA. Subsequently, SMC were stimulated with the factors indicated above for 48 hours and pericellular HA was visualized by HA-binding protein staining. All stimuli induced deposition of pericellular HA. However, deposition of cell-associated HA was stronger in response to PDGF-BB, IL-1␤, and thrombin as compared with vasodilatory prostaglandins (online data supplement). In contrast, the stimulated secretion of free soluble HA into the cell culture medium and induction of HAS2 in response to iloprost was at least as high as in response to PDGF-BB and thrombin. This finding suggests that the effects of vasodilatory prostaglandins differ from PDGF-BB, thrombin, and IL-1␤ with respect to the ratio of secreted and pericellular HA, which might be attributable to differential regulation of additional proteins required for the formation of pericellular HA coats. 23 
Functional Significance of HAS2-Mediated HA Synthesis in Venous SMC
The stimuli used to characterize the differential regulation of HAS isoform expression in venous SMC were selected because of their potential relevance during vein graft stenosis and failure. HAS2 was the HAS isoform that was found to be regulated by most of the stimuli namely the PGI 2 analogue (iloprost), PGE 2 , PDGF-BB, and thrombin and contributed most of the HA in response to iloprost. Therefore, the functional significance of HAS2 was investigated, applying HAS2 siRNA to inhibit expression of HAS2 in cultured venous SMC. Cell cycle analysis of SMC after siRNA targeting of HAS2 revealed a partial (Ϸ20%) suppression of the progression through the G 1 /S phase 18 hours after PDGF-BB stimulation compared with control siRNA ( Figure  7A ). Western blot analysis of cell cycle proteins showed marked downregulation of cyclins A and E as well as upregulation of the cyclin-dependent kinase inhibitor p27 after PDGF-BB in cells transfected with HAS2 siRNA compared with control siRNA ( Figure 7B ). No differences were observed in cyclin D1, p21, and cdk2 (data not shown). Furthermore, HAS2 siRNA caused decreased DNA synthesis in response to PDGF-BB as determined by [ 3 H]-thymidine incorporation ( Figure 8A ). HAS2 siRNA caused decreased mitogenesis as determined by cell counting in comparison to venous SMC transfected with nonsilencing control siRNA ( Figure 8B ). As described previously, 15 cells undergoing mitosis and cytokinesis after PDGF-BB stimulation had a pronounced pericellular HA coat (data not shown). Proliferating SMC of native and arterialized saphenous vein segments as detected by positive Ki-67 staining appeared to be in direct contact with HA-rich pericellular matrix as well (Figure 8C) . A schematic diagram illustrating regulation of HAS1 and HAS2 by prostaglandins and the proproliferative function of HAS2-mediated HA synthesis is depicted in Figure 8D .
Discussion
The current investigation characterizes the ECM of saphenous vein segments used for bypass surgery in patients with ischemic artery disease with respect to HA accumulation. All native veins showed intimal thickening, which is in line with previous reports of pronounced intimal thickening of primary vein graft tissue. 6, 24 Strong accumulation of HA in association with SMC was observed in the thickened intima of primary as well as in arterialized saphenous vein segments. Because extracellular HA has a relatively short half-life, 25 the presence of HA in arterialized SVG suggests that HA synthesis is induced after bypass grafting. However, the factors that are responsible for induction and maintenance of the HA-rich ECM in saphenous vein grafts after arterialization are unknown. Therefore, the effects of various factors that are known to be involved in control of SMC proliferation, ECM synthesis, and vascular inflammation were analyzed with respect to HA synthesis and HAS isoform expression in cultured SMC from human saphenous vein. The factors investigated in the present study included vasodilatory prostaglandins (iloprost and PGE 2 ), thrombin, IL-1␤, PDGF-BB, and TGF-␤1. PGI 2 and PGE 2 are vasodilatory prostaglandins that are synthesized by PGI 2 synthase and PGE synthase from PGH 2 , which is generated by COX-2. Both, HAS1 and HAS2 were induced by iloprost and PGE 2 via the G s -coupled IP and EP 2 receptors in a cAMP-and PKA-dependent manner. A similar response to vasodilatory prostaglandins with respect to HAS2 expression was recently demonstrated in arterial SMC. 16 Ϫ5 mol/L), IL-1␤ (10 ng/mL), and thrombin (10 U/mL) and semiquantitative RT-PCR for HAS2 was performed. B, HAS2 expression is expressed as fold over control after calculation of the ratio of HAS2 and GAPDH bands after densitometric quantification; nϭ5 independent experiments (meanϮSEM). *PϽ0.05 vs control. C, HAS2 expression after incubation (3 hours) of venous SMC with AP-1 (100 mol/L), AP-2 (100 mol/L), AP-3 (100 mol/L), and AP-4 (100 mol/L); nϭ3 independent experiments (meanϮSEM). *PϽ0.05 vs control. D, HAS2 expression in response to PDGF-BB and TGF-␤1. In A and D, original gels representative of (nϭ5 and nϭ3) independent experiments are shown. Figure 6 . Induction of HAS2 mRNA and HA synthesis by vasodilatory prostaglandins. A, HAS2 expression in venous SMC in response to iloprost (100 nmol/L), butaprost (1 mol/L), forskolin (10 mol/L), and db-cAMP (1 mmol/L). HAS2 mRNA expression was determined by semiquantitative RT-PCR after 3 hours and the ratio of the signals of HAS2 and GAPDH were normalized to control. B, Levels of HA in the cell culture medium were determined 24 hours after treatment of SMC with iloprost (100 mol/ L), cicaprost (100 nmol/L), and PGE 2 (100 nmol/ L). C, Levels of HA in the cell culture medium 24 hours after treatment of cells with iloprost (100 nmol/L), iloprostϩH89 (100 nmol/L). HA levels are presented as percentage of the concentration measured in response to iloprost; nϭ3, meanϮSEM. *PϽ0.05 vs iloprost.
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However, this is the first report showing that HAS1 is induced by vasodilatory prostaglandins as well. This finding might be relevant, because strong COX-2 expression was detected in 3 of 6 arterialized veins in the current study, whereas COX-2 was absent from native vein segments. COX-2 is frequently found to be upregulated after vessel injury and during atherosclerosis. 26, 27 However, the role of COX-2-dependent prostaglandins during atherosclerosis is currently discussed controversially. 28 PGI 2 mediates vasoprotective and antithrombotic functions by inhibiting platelet aggregation and vasoconstriction, whereas induction of matrix metalloproteinase expression and inflammatory functions have been attributed to PGE 2 in atherosclerotic lesions. 27 Recently, it was shown that transgenic mice overexpressing HAS2 in SMC in apolipoprotein E-deficient mice showed increased atherosclerosis 29 suggesting that HAS2 induction by prostaglandins is proatherogenic. Thrombin is generated in vivo at the lipid surface of activated platelets during thrombus formation which is frequently induced in venous bypass grafts. 30, 31 Thrombosis was also detected in 2 of 6 cases in the current study. Thrombin which is known to increase the propensity of SMC to proliferate and migrate 32 activates PAR1, -3, and -4 receptors. 33 Thrombin and the PAR1 activating peptide induced HAS2 expression, suggesting that thrombin via the PAR1 receptor participates in the regulation of HA synthesis in venous SMC.
Monocyte invasion and release of cytokines are early events in vein graft stenosis. 34 HAS3 was induced in response to IL-1␤ which is a major cytokine released from macrophages. IL-1␤ was the only stimulus that upregulated HAS3 in human venous SMC. Therefore, it could be hypothesized that HAS3 expression is involved in the inflammatory response induced by macrophages. Notably, it has recently been demonstrated that macrophages adhere to HA-rich structures during inflammatory bowel disease and to intestinal SMC in vitro. 35 PDGF and TGF-␤1 are considered key mediators during medial and intimal thickening of autologous vein grafts 36 and have been shown to be upregulated in stenotic vein grafts. 6, 24 PDGF-BB strongly induced HAS2 mRNA and HA synthesis in venous SMC, as has been shown before in arterial SMC 15 and mesothelial 13 cells. TGF-␤1 slightly reduces HAS2 expression in mesothelial cells 13 and induces HAS2 in corneal endothelial cells. 14 However, in human venous SMC no effect of TGF-␤1 on HAS2 was observed. Furthermore, PDGF-BB and TGF-␤1 had no significant effects on HAS1 or HAS3.
It can be concluded that the HAS isoforms are differentially regulated by the stimuli investigated so far. HAS3 was induced only by IL-1␤, HAS2 by prostaglandins, PDGF-BB, and thrombin and HAS1 was upregulated by prostaglandins only. In addition, IL-1␤, PDGF-BB, and thrombin are known to induce the expression of COX-2 and the generation of endogenous prostaglandins in vascular SMC, 37, 38 which might represent a mechanism to sustain HAS1 and HAS2 upregulation in SVG ( Figure 8D ).
Among the HAS isoforms, HAS2 was subject of the most complex regulation. Therefore, the functional significance of HAS2 induction was analyzed by siRNA targeting HAS2. Synthesis of HA and/or RHAMM signaling have been suggested to be required for G 2 /M transition and cytokinesis in fibroblasts. 18, 39, 40 In contrast, G 1 /S transition was delayed by antisense to HAS2 in epidermal keratinocytes derived from rats. 41 However, the specific role of HAS2-mediated HA synthesis during cell cycle progression in vascular SMC has not been investigated yet. In the current study, inhibition of HAS2 expression caused a 20% decrease of cells in S phase, as determined by fluorescence-activated cell sorting analysis, indicating inhibition of G 1 /S transition. Consistent with inhibition of G 1 /S transition, the levels of cyclin A and E were dramatically reduced and the cdk inhibitor p27 was increased. Consequently, DNA synthesis was inhibited by Ϸ20% and cell proliferation in response to PDGF-BB was reduced as well. These findings demonstrate for the first time that HAS2-dependent HA synthesis is required for PDGF-BB-induced cell cycle progression and mitosis in vascular SMC. These data extend the observation made by others that pericellular HA coats and intracellular HA are essential for mitosis in response to PDGF-BB 15, 17, 18 and suggests that HAS2 mediates HA synthesis that is required for PDGF-BB induced proliferation. Proliferating SMC in venous bypass grafts were found to be frequently surrounded by HA-rich ECM, which is in line with the hypothesis that HA supports mitosis of venous SMC. Future studies will address the question whether the other HAS isoforms are involved in growth factor induced proliferation as well.
Taken together, the present study reveals that saphenous veins of elderly patients prepared for bypass grafting contain HA-rich subendothelial ECM. It is conceivable that the HA-rich ECM supports subsequent neointimal thickening because HA-rich ECM is thought to support SMC proliferation. Further evidence for this hypothesis is presented in the present study by knock down of HAS2 expression, which inhibited PDGF-BB-induced proliferation in vitro. Because the ECM of the thickened neointima of arterialized SVG is still HA rich, it is likely that the HA matrix is actively maintained via induction of HAS isoform expression in SMC. The present data show that HAS isoforms are differentially regulated by a variety of factors that are generated during pathogenesis of vein graft failure such as PDGF-BB, IL-1␤, thrombin. In addition, these factors are known to induce COX-2 expression in SMC, which could subsequently cause prostaglandin release and sustained induction of HAS1 and HAS2. Therefore, endogenous prostaglandins might play a key role in the maintenance of a proproliferative HA-matrix in saphenous vein grafts. 
